script encompassing nucleotides 626 to 885 and irradiWe now show that the QKI RNA binding proteins bind ated with UV light. The cell lysates were RNase treated a short element in the MBP 3Ј untranslated region. The to remove unprotected RNA, immunoprecipitated using balance between the nuclear and cytoplasmic isoforms control (IgG) or anti-myc antibodies, and the bound proof QKI, which are derived from alternative splicing, conteins separated on SDS 10%-polyacrylamide gels and trols the nuclear export of MBP mRNAs and the cellular visualized by autoradiography. A 32 P-labeled protein of localization of exon II MBP isoform 17 and 21.5. By using ‫54ف‬ kDa corresponding to the size of QKI-7 was present OL cultures overexpressing QKI-5, we have re-created in Myc immunoprecipitates from cells transfected with the MBP defects observed in qk v mice. Our data provide QKI-7, but not untransfected cells ( Figure 1B ). This exevidence that the QKI proteins are involved in myelinperiment provides strong evidence that the interaction between the QKI proteins and the MBP QRE is direct. ation.
(D) Mixed rat astrocytes and OLs were homogenized in lysis buffer and immunoprecipitated with normal rabbit serum (NRS) or anti-QKI antibodies. RNAs were extracted from the immunoprecipitates and the presence of MBP mRNA was detected by RT-PCR. For positive control, MBP cDNA was used as a template (control) and for negative control, reverse transcriptase (RT) was omitted. The PCR products were first visualized by staining and verified by Southern blot analysis with an MBP-specific probe.
To further confirm a direct interaction, electrophoretic lysed and immunoprecipitated with control (IgG) or anti-HA antibodies, the bound proteins were separated by mobility shift assays (EMSA) were performed using re-SDS-PAGE and immunoblotted with anti-myc antibodcombinant QKI proteins and MBP 32 P-labeled RNA tranies. HA immunoprecipitates of wild-type QKI coimmunoscripts. Recombinant glutathione-S-transferase (GST) precipitated myc-epitope-tagged QKI and QKI:V157E, QKI-7 fusion protein and the control GST fusion partner but not QKI:E48G ( Figure 2B, lanes 1-9) . These findings were incubated with a 32 P-labeled MBP synthetic RNA suggest that the V157E mutation prevents RNA binding corresponding to nucleotides 626 to 885. The QKI-RNA and that the E48G substitution prevents dimerization. complexes and unbound RNAs were separated on naSince the substitution of E48G is unable to bind RNA, tive 4% polyacrylamide gels and visualized by autoradithis suggests that dimer formation may be essential for ography. A slow migrating complex that corresponded MBP RNA binding. to a QKI-RNA complex was observed with GST-QKI-7, but not with GST or phosphate-buffered saline (PBS) Nuclear Export of the MBP mRNAs Is Controlled alone ( Figure 1C) . QKI bound to a shorter RNA transcript by the Balance of the QKI Isoforms encompassing nucleotides 626 to 790 but not nucleo-
The relationship between the localization of the MBP tides 626 to 710 ( Figure 1C, lanes 6 and 9) . Two 5Ј-mRNAs and the QKI proteins was examined in COS deletions were performed and tested for QKI binding. (Figure 2A, lanes 5-7) . The substitution of valine without QKI-5. The presence of QKI-5 did not affect the 157 to glutamic acid (V157E) or the substitution of gluoverall levels of MBP mRNA ( Figure 3B , compare lanes tamic acid 48 to glycine (E48G) in QKI abolished the 3-5 to 7-9 and lanes 11-13 to 15-17). Immunoblotting ability of the recombinant proteins to bind the QRE (Fig- confirmed that the expression of QKI-5 remained equivure 2A, lanes 8-13). We have shown in earlier studies that alent with the expression of QKI-6 and/or QKI-7 isoforms the substitution of QKI E48G prevents homodimerization ( Figure 3C ). These findings demonstrate that the balance by disrupting predicted coiled-coil interactions (Chen of the QKI isoforms regulates the retention and release and Richard, 1998). Therefore, we wanted to examine of the MBP mRNAs from the nucleus. whether the inability of the V157E amino acid substitution was a failure to dimerize. HeLa cells were trans-
QKI-5 Retains MBP mRNAs in the Nucleus of OLs fected with myc-and HA-epitope-tagged QKI proteins
The ability of QKI proteins to control the nuclear export of MBP mRNAs was examined in OLs, a cell type where containing the amino acid substitutions. The cells were ., 1995) . The body weight of QKI-5-injected mice was consistently less than those of conit is the imbalance in the QKI isoforms that causes the ., 1996) . The The identification of genetic point mutations in the qk gene has helped understand the properties of the QKI mechanism that triggers the expression of QKI-6 and QKI-7 is unknown. Our data suggest that the expression proteins. We showed previously that the qk kt4 allele altering QKI glutamic acid 48 to glycine prevents dimerization of QKI-6 and QKI-7 is essential for the "release" or the derepression of the MBP mRNAs imposed by the nuby disrupting a predicted coiled-coil (Chen and Richard, 1998). However, we were unable to see a reduction in clear QKI-5. The fact that the QKI proteins dimerize (Chen and Richard, 1998) and shuttle between the nubinding to total cellular mRNAs (Chen and Richard, 1998). Here we extend our studies to show that QKI cleus and the cytoplasm (Wu et al., 1999 ) suggest that they function as heterodimers to export the MBP E48G amino acid substitution cannot bind the QRE in the MBP mRNA. These findings suggest that the QKI mRNAs. QKI proteins may be directly involved in nuclear export mechanics or may be required to "coat" the MBP proteins bind as dimers to specific mRNA targets. The other amino acid substitution known to cause embrymRNAs into mature messenger ribonucleoprotein parti-cles (mRNPs) to be recognized by the export machinery. mice and the cells generally exhibited a bipolar morphology (see Figure 6B , panel G and Figure 7A, panel d) . QKI-5 has been shown to shuttle in fibroblasts, as assessed by heterokaryon assays (Wu et al., 1999) . We Thus, OLs of qk v mice have a delay in OL maturation compared with wild-type OLs at the same developconfirmed that QKI-5 indeed has the ability to shuttle but to a lesser extent than hnRNPK, a well-known shuttling mental stage. It is currently unknown whether the absence of QKI-6 and QKI-7 is the cause or the effect of protein (Michael et al., 1997; data not shown) . This leads to the question of how an RNA binding protein with the maturation defects. The presence of the cytoplasmic QKI-7 permits cultured rat OLs to localize MBPexII within shuttling abilities can retain mRNAs in the nucleus. Our data clearly demonstrate that MBP mRNAs are retained the nucleus. These studies suggest that cytoplasmic QKI isoforms may allow MBPexII nuclear import that will in nuclei of OLs and COS cells by QKI-5 and that only in the presence of QKI-6 and QKI-7 are they released in properly initiate the maturation process of the OLs. Thus the QKI isoforms regulate the early events of myelinathe cytoplasm. This leads us to propose that MBP mRNAs may prevent QKI-5 shuttling, or alternatively the tion. It is unknown whether QKI-7 is directly involved in the mechanism by which MBPexII are transported to model we favor, that QKI-6 and QKI-7 are involved in the release of mRNAs from QKI-5 by competition for the QRE. In Vitro Transcription A multiplicity of infection (MOI) of 100 was sufficient to infect about 32 P-labeled MBP RNA fragments were generated by in vitro tran-80% of the cells as judged by GFP-positive cells. After infection, scription using the T7 RNA polymerase following the protocols recthe cells were grown in differentiation media containing bFGF, ommended by the manufacturer (Promega). The DNA templates PDGF-AA, and T3 at 40 ng/ml. Morphological examination estabused for in vitro transcription were PCR fragments of different relished that the progenitor cultures were essentially homogeneous gions of the MBP cDNA with an engineered 5Ј T7 promoter. The bipolar cells, and acquired ramified processes as they differentiated oligonucleotide sequences used to generate the MBP RNAs will be into mature OLs in vitro.
given upon request. For stereotactic adenovirus injection, 1 l of 1 ϫ 10 7 pfu/l adenovirus was injected using a 31-gauge needle in the corpus callosum of postnatal day 1 inbred C57BL/6 mice at the following localization:
RNA Binding Assays bregma Ϫ1 mm; lateral 0.5 mm; depth of 1 mm. The survival rate RNA binding of immunoprecipitated QKI was performed as prewas Ͼ95% with over 20 pups. The pups were returned to the mother viously described (Chen and Richard, 1998). For EMSA, 32 P-labeled and monitored daily. At postnatal day 10, the pups were sacrificed RNA (10 5 cpm) was incubated at RT for 30 min with GST or GSTand their brains processed for GFP and MBP protein levels by immu-QKI fusion proteins (0.5-2.0 g) in PBS supplemented with 1% Triton nofluorescence.
X-100, 1 mg/ml of heparin, and 250 g/ml of tRNA. The samples were electrophoresed on a 4% native polyacrylamide gel (acrylamide:bis, 60:1) in 0.5 ϫ TBE and visualized by autoradiography. For the analyTissue Processing and Immunolabeling sis of QKI-MBP mRNA association in vivo, astrocytes and OLs (OLs) of Brain Cross-Sections isolated from newborn rats were lysed with lysis buffer suppleFor immunofluorescence studies, 30-day-old mice were treated inmented with the RNase inhibitor RNAguard (Pharmacia), and the traperitoneal with sodium pentobarbital before intracardial perfusion cell lysates were immunoprecipitated with anti-QKI antibody (Chen at 40 ml with 0.1 M cold PBS and then 40 ml of ice-cold 4% paraformand Richard, 1998) or normal rabbit serum (NRS). Associating MBP aldehyde in PBS, pH 7.4. The entire brain was removed and postmRNAs were amplified by RT-PCR and Southern blot analysis. For fixed in 4% paraformaldehyde at 4ЊC overnight, and then immersed UV crosslinking, a synthetic 32 P-labeled RNA corresponding to nuin 30% sucrose for 2 days. Tissue blocks were embedded in OCT cleotides 626-885 of the MBP mRNA was prepared by in vitro trancompound and frozen on dry ice. Serial coronal sections at a thickscription using 32 P ␣-CTP. ness of 15 m were cut in a cryostat, collected on ϩ/ϩ glass slides (Fisher) pretreated with gelatin-chromium sulfate, and stored at Ϫ70ЊC. Sections were pre-incubated for 30 min in 5% calf serumIn Situ Hybridization and Fluorescence Staining 1% Triton X-100 in PBS. This was followed by a 24 hr incubation in COS cells were plated on glass coverslips in 6-well dishes and PBS-0.1% Triton with a mix of two monoclonal MBP antibodies.
transfected by using Lipofectamine Plus (Canadian Life). Twelve The monoclonal anti-MBP antibody (1:2500, Sternberger LTD) and hours after transfection, the cells were fixed with 4% paraformaldemAb 387 (1:1000, Chemicon International) were used for staining hyde in PBS and permeabilized with 1% Triton X-100 in PBS. If the the MBP isoforms in the mouse brain cross-sections. Affinity-puricells were transfected with GFP constructs, the coverslips were fied anti-MBPexII was used as described previously (Pedraza et 
